Psychosocial stress exposure is linked to a disruption of emotional regulation that can manifest as anxiety and depression. Women are more likely to suffer from such psychopathologies than men, indicating that gender-based differences in gonadal steroids may be a key factor in the etiology of stress-induced adverse health outcomes. Estradiol (E2) positively influences mood and cognition in females, an effect likely related to E2's ability to modulate the serotonin and dopamine neurotransmitter systems. Furthermore, genetic variation due to the polymorphism in the promoter region of the gene (SLC6A4) encoding the serotonin transporter (5HTTLPR) also can influence E2's ability to modulate behavior and physiology. However, it remains uncertain whether exposure to social stress interacts with the 5HTTLPR to influence E2-induced changes in behavior and physiology. The present study used ovariectomized adult female rhesus monkeys to investigate acute and chronic effects of E2 on central monoamine metabolite concentrations using CSF sampling. We further assessed how E2-induced changes in monoamine metabolite levels are modified by the unpredictable stress of social subordination and the 5HTTLPR polymorphism. Levels of the serotonin metabolite 5-hydroxyindoleacetic acid (5HIAA) decreased significantly during chronic E2 treatment only in dominant females with the long promoter length of SLC6A4.
Introduction
In addition to its role in reproduction and activation of sexual behavior, estradiol (E2) has anxiolytic properties (1, 2) , enhances spatial learning and memory (3) , and improves the ability of females to respond appropriately to danger signals in their environment (4) . Estradiol modulates various pathways in the central nervous system including the limbic hypothalamic-pituitary-adrenal (LHPA) axis (5) (6) (7) (8) and has effects on mood and cognition that are at least partly due to E2's modulation of the monoamine neurotransmitters (9, 10) . Serotonin (5HT) is implicated in the control of a number of behavioral and physiological functions. Decreased serotonergic neurotransmission has been proposed to play a key role in the etiology of depression (11) . Importantly, 5HT-synthesizing neurons in the raphe and 5HT receptors throughout cortical, hypothalamic and limbic regions are modulated by E2 action (12) . Estradiol can induce changes in binding of the 5HT transporter (5HTT), a protein that terminates serotonin's synaptic effects (13) . Genetic variation due to the polymorphism in the promoter region of the gene (SLC6A4) encoding the serotonin transporter (5HTTLPR) alters serotonergic activity (14) . The short promoter length (svariant) of the 5HTTLPR shows reduced transcriptional activity compared to the long promoter length (l/l) (15) and is associated with increased anxiety, aggression, and impulsivity in humans (16) .
In addition to 5HT, estradiol also affects dopamine (DA) neurotransmission. In rats, amphetamine (AMPH)-stimulated DA release is greater in estrus than diestrus (17) and is decreased after ovariectomy (18) . Estradiol also induces an increase in striatal DA turnover (19) and down regulates striatal D 2 class DA receptor (D2R) binding in rats (20, 21) . Similar findings have been reported in nonhuman primates, as gonadally-intact female monkeys have higher DA neuronal densities in the substantia nigra compared to males or ovariectomized females (22) . Menstrual cycle phase also influences striatal DA receptors in female cynomolgus monkeys, as D2R availability is significantly higher in the luteal phase compared to the follicular phase in the caudate nucleus and putamen when estradiol concentrations are low (23) .
What is less clear is how stress may affect estradiol-induced changes in central monoamine concentrations. Serotonin is integral to the activation (24, 25) and termination of the stress response (26) (27) (28) . However, during chronic stress, corticotropin-releasing hormone (CRH) projections from the CeA to the raphe attenuate 5HT inhibition of neuronal activity in limbic targets (29, 30) . Elevated glucocorticoids may also further reduce 5HT activity as cortisol increases 5HT uptake through an increase in 5HTT synthesis (31) . With respect to DA, chronic psychosocial stress exposure reduces DA function, characterized by reduced D2R availability that is associated with anhedonia and increased susceptibility to addiction (32) (33) (34) (35) (36) . The social stress of subordination in female macaques produces reduced cerebrospinal fluid (CSF) concentrations of the DA metabolite, homovanillic acid (HVA), and a reduced response of serum prolactin to haloperidol as a surrogate measure of DA (37, 38) . This hypodopaminergic tone in subordinates is also associated with reduced D2R binding densities in the striatum (39, 40) .
The present study used ovariectomized adult female rhesus monkeys (Macaca mulatta) to investigate effects of E2 on monoamine metabolite concentrations and how this relationship is modified by social subordination. The study was designed to determine whether social stress modifies acute or chronic E2-induced changes in endogenous monoamine levels in CSF. We hypothesize that E2's ability to modulate 5HT and DA levels as well as their metabolites will be altered by social subordination. Furthermore, because 5HT is a target of E2 in the regulation of physiology and behavior, genetic variability in 5HT action, as occurs with the 5HTTLPR, will modify the effects of subordination on E2's ability to alter both central 5HT and DA systems.
Materials and Methods

Animals
Previously ovariectomized adult female rhesus monkeys (n = 48) living in indoor-outdoor enclosures, measuring 3.8 by 3.8 by 3.8 m, at the Yerkes National Primate Research Center (YNPRC) Field Station were subjects. Females were housed in groups of 4 and 5 females, each containing a single male. Animals were fed Purina monkey chow (diet 5038, PMI, St Louis, MO) ad libitum twice daily and had continuous access to water. In addition, seasonal fruits and vegetables were provided daily as a supplement. The Emory University Institutional Animal Care and Use Committee approved all procedures in accordance with the Animal Welfare Act and the U.S. Department of Health and Human Services "Guide for Care and Use of Laboratory Animals."
The ten small groups were established as previously described based upon 5HTTLPR genotype (41) . Briefly, multiparous females, ranging in age from 11 to 17 yr (mean ± SEM: 13.5 ± 0.38 yr), were removed from multi-male, multi-female breeding groups at the Yerkes NPRC Field Station. All females were genotyped for 5HTTLPR (42) as previously described (43) . Females homozygous for the long allele were considered l/l while females homozygous or heterozygous for the short allele were considered as short variant (s-variant) (42) . Unfamiliar, unrelated females of the same 5HTTLPR genotype status (l/l or s-variant) were added to a new group over a one-week period to form five groups comprised of only l/l females and five groups comprised of only s-variant females (41) . Dominance ranks were quickly established with minimal contact aggression. Males were added after the female hierarchy had been established. In the months prior to new group formation, all females were ovariectomized as a part of NIH-funded studies to determine the effects of psychosocial stress, imposed by social subordination on a number of behavioral, metabolic and reproductive outcomes (5, 41, (44) (45) (46) (47) (48) that required brief replacement therapy with estradiol and/or progesterone. In total, 9 dominant l/l, 9 dominant s-variant, 15 subordinate l/ l, and 15 subordinate s-variant females participated in the current study.
Social stability in macaque groups, regardless of size, is maintained by a dominance hierarchy (49) . Lower-ranking individuals in a social group receive a greater frequency of aggression from higher-ranking group mates and emit higher levels of submissive behaviors towards these more dominant individuals. A direct consequence of low social status in female rhesus monkeys is reduced control over both social and physical environments (50) that result in disruption of LHPA function including diminished glucocorticoid negative feedback (38, 41, 51) . Therefore, social subordination in female rhesus monkeys is a wellcharacterized model with which to study the negative effects of chronic psychosocial stress exposure on behavior and physiology (52), including reproductive dysfunction (44, 53) , immune compromise (54-56), addictive behavior (57), and cardiovascular disease (58) . In the current study, the outcome of dyadic agonistic interactions between females was used to establish group dominance ranks (49) . Observational data were obtained from three 30minute observations during the first week using an established ethogram (41) to assess agonistic behavior including amount of submission and aggression received. As previously described (52), females ranked one and two were classified as dominant (n=18) and females ranked 3-5 were considered as subordinate (n= 30). Social groups had been formed and social ranks stable due to a stable social dominance structure (49) for 120 months prior to the initiation of this study.
Prior to the start of the study, females had not received hormone replacement for at least four weeks. For the present study, females were studied under two hormone replacement conditions. In one condition, females received E2 replacement therapy by surgically implanting a Silastic capsule filled with E2 subcutaneously between the scapula while anesthetized with Telazol (45) . Capsule length was customized based on a female's body weight to achieve serum concentrations of 94 ± 9 pg/ml, comparable to the mid follicular phase (59) . Capsules were implanted 8 to 9 days (8.7 ± 0.5 days) prior to the collection of the initial CSF sample and were removed at the time of the second collection, approximately 4 to 8 weeks later (mean of 51.1 ± 2.5 days). The second condition was a control, no E2 replacement phase. The initial CSF collection for the no hormone replacement phase occurred, on average, 52 days after the last estradiol treatment while the second CSF sample obtained some 30 days following the first sample. The order of control versus no E2 replacement was randomized among the females.
The intent of the study was to determine the acute and chronic effects of E2 replacement on monoamine concentrations in CSF and how this may be affected by the social stress of subordination. At the time of each CSF collection, a serum sample was obtained to quantify E2 concentrations. CSF (1mL) was obtained by passive collection following sterile puncture of the cisterna magna using a 22-gauge needle while the females were anesthetized with Telazol. To accomplish this, animals were removed from their group and placed in a holding cage to obtain the serum sample followed by induction of anesthesia. All subjects were habituated to being removed from their group for conscious venipuncture using procedures in place in this lab for over 35 years (60) (61) (62) . Briefly, animals were trained to move from the housing unit into a transfer box upon a cue from the research staff. Once in the transfer box, an animal is placed in a specialized cage designed for venipuncture. The cage allows a monkey to voluntarily place her leg through one of two small openings in the front of the cage. The research staff holds the leg so that a blood sample can be obtained from the saphenous vein and an injection of anesthetic administered. The order in which females in a group entered the cage was unrelated to rank and only 4-5 animals were anesthetized at one time to ensure standardization of blood and CSF collection after transfer from housing unit. Blood collection took approximately 1 minute and CSF collection was completed less than 15 minutes after Telazol administration, once sterile preparation of the cervical region was achieved. Blood contaminated CSF samples were discarded and another sample was collected from that individual animal within the following week. All animals were administered meloxicam as an analgesic following the CSF collection. Collected CSF was stored at −80°C for up to two months prior to analysis. Assays were performed in the YNPRC Biomarkers Core Lab. Serum samples were assayed for E2 to verify Silastic capsule efficacy using a modification of a previously validated commercial assay (Siemens/ DPC; Los Angeles CA) (63) . Using 200 μl of serum, the assay kit has a sensitivity of 5 pg/ ml and an intra-and inter-assay coefficient of variation (CV) of 5.2% and 11.1%, respectively. The assay of E2 in the current study had an intra-and inter-assay CV of 7.9% and 9.6%, respectively. Monoamine concentrations in CSF, including dopamine (DA), homovanillic acid (HVA), dihydrophenylacetic acid (DOPAC), serotonin (5HT), and 5hydroxyindoleacetic acid (5HIAA), were analyzed by HPLC as previously described (37) . Intra-and inter-assay CV for DOPAC were 3.84% and 4.35% respectively, for HVA were 3.84% and 4.35% respectively, and for 5HIAA CV were 3.84% and 4.35% respectively.
Data were summarized as mean ± standard error of the mean (SEM). Data were log transformed to normalize variance. Repeated measures analysis of variance (RM-ANOVA) was used to determine how social status and E2 affected CSF monoamine concentrations over time (control vs. 1 and 5 weeks on E2) on 5HIAA, HVA, and DOPAC levels. The control number used in the analyses was determined by averaging the two samples collected during the control condition of no E2 replacement after paired t-tests were conducted to ensure that the two control samples were not significantly different (5HIAA: p=0.30; HVA: p=0.14; DOPAC: p=0.26). RM-ANOVA analyses were not performed on DA and 5HT, as levels were undetectable in the CSF samples collected by the HPLC methods used. If interaction terms were significant (e.g., status by E2 by time) post hoc comparisons were performed. All statistical tests were performed using IBM-SPSS v19. Statistical values with a p ≤ 0.05 were considered significant.
Results
Social status categorization
Rates of aggression received and submission emitted for monkeys at each social dominance rank position are shown in Figure 1 . These data reflect agonistic behavior from three 30minute observations during the control period of the current study. As expected, lower ranking subordinate females received significantly more aggression (F 4, 43 = 4.55, p=0.004) and emitted more submissive behaviors (F 4, 43 = 4.03, p=0.007) than higher ranking females. Categorization of females ranked 1 and 2 as dominant and those females ranked 3 through 5 as subordinate resulted in a significant main effect of social status for aggression received (F 1, 44 = 8.57, p=0.005) and submissive behaviors emitted (F 1, 44 = 13.0, p=0.001). There was no affect of 5HTTLPR genotype on rates of aggression received and submission emitted (p > 0.05).
Central levels of monoamines
CSF levels of 5HIAA were significantly affected by social status (F 1, 34 = 5.90, p = 0.021), as subordinate females had greater concentrations of 5HIAA than dominant females (349.4 ± 11.2 vs. 298.5 ± 17.7). In contrast, levels of 5HIAA were not affected by 5HTTLPR genotype or a social status by 5HTTLPR genotype interaction (p > 0.05). While there was no main effect of E2 treatment on 5HIAA concentrations (p > 0.05), there was a significant interaction between weeks on E2 replacement, social status and 5HTTLPR genotype (F 1, 34 = 5.90, p = 0.021), as 5HIAA levels decreased significantly only in dominant l/l females with continued exposure to E2 treatment (Figure 2 ; p = 0.039).
DOPAC concentrations were also significantly higher in subordinate animals compared to dominant females (34.9 ± 1.60 vs. 29.0 ± 2.06 respectively; F 1, 44 = 5.57, p = 0.023). Although this effect of status appeared to be modified by genotype, the interaction that resulted in lower DOPAC concentrations in dominant l/l females was not significant (F 1, 44 = 3.28, p = 0.077; Figure 3 ). Furthermore, E2 replacement significantly increased levels of DOPAC (F 2, 88 = 10.6, p < 0.001) from control by the end of E2 replacement (Figure 3 ). However, this main effect of E2 treatment was independent of social status, 5HTTLPR genotype, or their interaction (p > 0.05). Additionally, levels of HVA were not affected by social status, 5HTTLPR genotype or a social status by 5HTTLPR genotype interaction (p > 0.05) nor were these influenced by E2 replacement (Table 1 ; p > 0.05).
Discussion
The results indicate that social subordination in ovariectomized female rhesus monkeys modifies the ability of E2 replacement to modulate central monoamine metabolite levels in a manner dependent on 5HTTLPR genotype. Chronic administration of the E2 attenuated levels of 5HIAA only in dominant l/l females and decreased DOPAC levels in all females. Although levels of DA and 5HT were undetectable, overall CSF concentrations of DOPAC and 5HIAA were significantly higher in subordinate females compared to dominant animals. Together, these data indicate that subordinate status, characterized by greater harassment from group mates and higher rates of submission to terminate these interactions, alters sensitivity to E2 and central levels of metabolites that are critical in the control of emotional behavior and physiology. These data underscore the importance of how ovarian status can influence behavioral and physiology by modulating central neurotransmitter systems.
Social subordination in macaques is associated with reduced control of the environment (50) and leads to a dysregulation of the LHPA axis (38, 41, 51, 64) , as well as changes in behavior and physiology including reproductive dysfunction (44, 53) , immune compromise (54) (55) (56) , addictive behavior (57) , and cardiovascular disease (58) , analogous to stressinduced adverse health outcomes in women (52) . Social subordination in the current study modified the effect of E2 on the 5HT and DA systems in a manner dependent on 5HTTLPR genotype. Five weeks of E2 replacement attenuated central levels of 5HIAA only in dominant l/l females and decreased levels of DOPAC in all females. Decreases in 5HIAA and DOPAC levels in response to E2 may reflect increased 5HT and DA synthesis (12) or may indicate decreased 5HT and DA breakdown due to decreased monoamine oxidase activity (MAO) (65) . Data indicate that MAO gene expression increases upon ovariectomy and decreases with E2 replacement (65) . Additionally, E2 increases central tryptophan hydroxylase (TPH) expression (66, 67) . Together, these data support the notion that attenuation of monoamine metabolite levels described in the current study are likely due to increased synthesis and decreased degradation of 5HT and DA. However, further studies are necessary to clearly determine whether levels of 5HT and DA are increased by chronic E2 administration in relation to their metabolite levels in macaque females.
Estradiol only attenuated levels of 5HIAA in dominant l/l females. This effect of E2 on central 5HIAA levels is similar to that reported in cynomolgus macaques that express only the long variant of the 5HTTLPR (43), as 5HIAA levels in CSF are decreased during the follicular phase of the menstrual cycle compared to the luteal phase (37) . The importance of the presence of E2 in uncovering the effects of the 5HTTLPR is underscored not only in the current study, but also in other studies where the hormonal status of the subjects is considered. We have previously shown that l/l 5HTTLPR females are more responsive to the serotonin reuptake inhibitor citalopram compared to s-variant females when E2 and progesterone levels are high (68) . In contrast, a previous study on infant and juvenile rhesus macaques of both sexes that did not account for hormonal state found no difference in serotonergic responsivity to the 5HT-releasing agent fenfluramine between l/l and s-variant animals (69) . Thus, the presence of gonadal hormones, like E2, is critical for evaluating the effects of 5HTTLPR on serotonergic function. Furthermore, the lack of an E2 effect on 5HIAA levels in s-variant females and the reduced transcriptional activity linked to the svariant allele of the 5HTTLPR (70) indicate that the ability of E2 to attenuate 5HIAA levels in dominant l/l is probably modulated via E2's ability to attenuate 5HTT protein (71) . The lack of an E2 effect on 5HIAA in subordinate l/l females suggests that exposure to social subordination in these females alters the efficacy of E2 to regulate the serotonergic system. Consistent with this hypothesis are data showing that chronic stress attenuates 5HT inhibition of neuronal activity in limbic targets (29, 30) and alters expression of 5HT receptors critical for the regulation of behavior and physiology in monkeys (72) and in humans (73) .
Chronic administration of E2 in the current study attenuated DOPAC levels in CSF independent of social status and 5HTTLPR genotype. These results corroborate previous findings in monkeys indicating that E2 influences the activity of the dopaminergic system (22, 23) . Other studies in ewes show that during the nonbreeding season, E2 attenuates dopaminergic activity and results in attenuated levels of DOPAC and HVA centrally (74) . Ovariectomy in rodents increases levels of DOPAC and HVA, and chronic replacement with E2 reverses these gonadectomy-related increases in the monoamine metabolite levels (75, 76) . A similar manipulation in male rodents indicates that replacement of E2 following castration decreases central levels of DA metabolites (77) . Lastly, the ability of E2 to attenuate DOPAC levels was not affected by social status or by 5HTTLPR genotype. While the serotonin transporter has been shown to affect the dopaminergic system as it relates to psychostimulant abuse and addiction (78) and the actions of E2 on behavior and physiology (5, 44, 68) , there is no evidence that suggests that the 5HTTLPR polymorphism modulates E2's ability to influence dopaminergic activity directly (78) . The current study suggests that exposure to social subordination does not affect E2's ability to modulate DA metabolism (37) unlike what we observed for 5HT breakdown (5HIAA).
The present study indicates that social subordination in female rhesus monkeys results in higher central levels of the neurotransmitter metabolites, 5HIAA and DOPAC. These data corroborate previous findings showing that exposure to prolonged stressors and activation of the LHPA axis increase 5HT and DA release site-specifically in the brain (34, 79, 80) . We cannot completely rule out the possibility that differences in neurotransmitter systems might underlie social status ranks that emerge following the group formation process. An earlier study in rhesus macaques reported that monoamine metabolite levels remained stable before, during, and after group formation and that baseline levels of central 5HIAA were positively correlated with future high social ranking after group formation (81) . However, ovarian function was not controlled for this study, making it difficult to compare with our current study where we show that ovarian hormones influence 5HIAA levels. In line with our current findings, increased serotonergic activity is also observed in subordinate cynomolgus monkeys (82) and increased 5HIAA levels are present in lower ranking talapoin monkeys (83) . Indeed, one notable consequence of prolonged exposure to stress is a CRH-induced attenuation of 5HT inhibition of neuronal activity in limbic brain regions critical for the control of behavior and physiology (29, 30) . It has also been shown that exposure to social subordination in monkeys (72) alters 5HT receptor expression throughout the brain, similar to that seen in people with depression (73) . Furthermore, elevated levels of glucocorticoids characteristic of chronic stress exposure can act to reduce 5HT activity by increasing 5HT uptake via an increase in 5HTT synthesis (31) .
The increase in central 5HIAA levels in subordinate females was concomitant with increased central levels of the DA metabolite, DOPAC. Exposure to stressors increases DA and DA metabolites levels in the brain (79) as well as alters the levels of DA receptors in prefrontal and striatal regions in rodents (32) (33) (34) (35) (36) (84) (85) (86) . These alterations in the dopaminergic system can lead to a hypodopaminergic phenotype associated with anhedonia and increased susceptibility to addiction (32) (33) (34) (35) (36) (84) (85) (86) . The increase in DA metabolite levels reported in this study is consistent with a stress-induced hypodopaminergic state in subordinate female monkeys that also exhibit a reduced response in serum prolactin to haloperidol as a surrogate measure of DA activity (38) and reduced D2R binding densities in the striatum (39, 40, 57) . However, the current finding of increased central DOPAC levels in subordinate rhesus females is not consistent with a previous report of an attenuation of HVA levels in subordinate female cynomolgus macaques (37) . The discrepancy between these two studies could be due to overall duration of exposure to social subordination, species differences, or to the fact that in the study with cynomolgus macaques, animals were being fed a high fat diet (37) , which has been shown to affect the dopaminergic system in both rodents and humans (87, 88) .
In conclusion, the current data indicate that exposure to social subordination in female rhesus monkeys causes higher central levels of serotonergic and dopaminergic metabolites, similar to alterations in neurotransmission implicated in the etiology of clinical depression (11) . And while E2 replacement to these ovariectomized females was not able to ameliorate the effects of subordination on 5HT and DA neurotransmitter systems, the polymorphism in the 5HTT gene influenced E2's ability to attenuate 5HIAA levels. This suggests that this genetic locus confers variability in sensitivity to E2 upon exposure to psychosocial stress in females (5, 44) . It is important to note that these data should be considered preliminary, as larger numbers of subjects are necessary to establish a link between this gene variant and the stress-induced alterations in sensitivity to E2. This notwithstanding, our study supports the notion that assessing the interaction between ovarian hormone replacement and exposure to psychosocial stress in ovariectomized rhesus females serves as a effective paradigm with which to study questions relevant for hormone replacement therapy in postmenopausal women (5, 44, 68) . Mean ± SEM rates (per 30 min) of aggressive behavior received and submission behavior emitted by females at each social dominance rank. Rates of aggression received (p = 0.005) and submission emitted (p = 0.001) were higher in animals categorized as subordinate females (ranks 3 -5) compared with those categorized as dominant (ranks 1 -2). 
